Owing to the improved load-carrying capacity of CFST arch bridge, the span length of this kind of bridge can be longer than the conventional concrete arch bridge or steel arch bridge. For example, the span of Wuxia Yangtze River Bridge in China reaches 460 m. For these long span structures, it is unrealistic to assume earthquake motions at multiple structural supports are the same because of the inevitable ground motion spatial variations. Many reasons may result in ground motion spatial variations. These include (1) the difference in the arrival times of seismic waves at different supports, denoted as the wave passage effect; (2) the coherency loss effect owing to the reflections and refractions of the waves in the heterogeneous media of the ground; and (3) the local site effect due to different local soil conditions (Der Kiureghian 1996) .
Many researchers have studied the seismic responses of arch structures to spatially varying ground motions. Hao (1993) analysed the in-plane stochastic responses of incompressible circular arches to spatially correlated horizontal multiple excitations and concluded that the responses may be underestimated or overestimated by neglecting the ground motion spatial variations, depending on the structure and ground motion properties, the locations where the responses are evaluated, and the response quantity under consideration. Hao (1995) then extended the work to analyse the responses of the incompressible circular arches to correlated simultaneous horizontal and vertical multiple excitations, and examined the effects of multiple horizontal and vertical excitations on arch asymmetric and symmetric vibration modes. It was found that vertical ground motion component might have significant effect on the arch responses. Harichandran et al. (1996) studied the seismic responses of two deck arch bridges to spatially varying ground motions and compared the results with the identical (uniform) and delayed (wave passage effect only) excitations. They concluded that the use of identical excitations is in general unacceptable for long-span bridges, and the use of delayed excitations is acceptable for the longitudinal response of short arch bridges. Zanardo et al. (2004) investigated the seismic responses of short span reinforced concrete arch bridges to multiple support excitations and also compared the results with conventionally used uniform input and multiple inputs with wave passage effect. They concluded that curved structures are very sensitive to multiple support excitations. Su et al. (2007) studied the seismic behaviour of a steel trussed arch to multisupport excitations. The numerical results indicated that horizontal multi-support excitations have a quite large amplification effect on the seismic responses of the trussed arch, whereas vertical multiple support excitations reduce the structural responses as compared with uniform excitations. Bai et al. (2010) investigated the seismic response of a large dimensional steel trussed arch structure subjected to the combined spatially varying horizontal and vertical ground motions, the influence of local site effect is also studied by using different classes of response spectrum to represent different local soil conditions. They concluded that the ground motion spatial variations as well as local site effect significantly influence the seismic responses of the trussed arch structure.
In terms of CFST arch bridge, previous studies mainly focused on the static and natural vibration analysis (Zong et al. 2005; Yoshimura et al. 2006; Nakamura et al. 2009 ). For the seismic response of This paper studies the nonlinear seismic response of a CFST arch bridge to multi-component spatially varying ground motions. The 3D FE model of the bridge is developed in ANSYS (2009), the material and geometric nonlinearities of the concrete and the steel tube in the arch ribs are considered. The spatially varying ground motions are simulated based on the combined one-dimensional (1D) wave propagation theory and spectral representation method (Bi and Hao 2012) . The base rock motions at different locations are assumed to have the same intensity and are modelled by a filtered Tajimi-Kanai power spectral density function (PSD). The spatial variations of base rock motions are considered by an empirical coherency loss function. The PSDs of the surface motions are derived based on the deterministic 1D wave propagation theory by assuming the base rock motions consisting of out-of-plane SH wave and combined P and SV waves propagating into the site with an assumed incident angle. The 3D spatially varying ground surface time histories at different supports of the bridge are then stochastically simulated based on the traditional spectral representation method. The simulated ground motion time histories are applied as inputs to the multiple bridge supports. The structural responses are formulated by using the large mass method (LMM) (Leger et al. 1990) . The influences of multi-component earthquake excitations, ground motion spatial variations and varying site conditions on the seismic responses of the CFST arch bridge are analysed.
BRIDGE MODEL

Bridge Description
The bridge to be investigated in this study is the Yeshan River Bridge, which is a half-through CFST arch bridge in China. Figure 1 shows a photograph of the bridge and the elevation and plan view is shown in Figure 2 . The total length of the bridge is 138.65 m and the arch span length is 124 m. Owing to the specific geological conditions of local sites, an asymmetric arc was used in the design. The length of the left half span [Yichang direction in Figure 2 the base rock is about 160 m (as shown in Figure 1 ) based on the geological report of the bridge site. The bridge has two parallel arch ribs, with the centreto-centre distance of 13.1 m as shown in Figure 2 (b). Each arch rib consists of two dumbbell-type cross section members (the upper chord and lower chord). These two members are connected by the H-type steel webs as shown in Figure 3(a) . The depth and width of each arch rib are 3.8 and 2.2 m respectively. The four steel tubes of each arch rib have an outer diameter of 800 mm and a thickness that varies depending on the position of the arch rib (24, 20 and 16 mm) . High fluidity concrete fills the four steel tubes and the confined space between the steel plates of the upper and lower chords as shown in Figure 3 (a). The two parallel arch ribs are connected by 6 spatial cross-bracing systems and a horizontal stiffening girder as shown in Figure 2 (b). The deck system consists of 5 T beams with the height of 1.5 m arranged longitudinally at a spacing of 2.14 m. The T beams are connected by 15 transverse diaphragms with the height of 2 m. Figure 3 (b) shows the cross section of the deck system. The arch ribs and the deck system are connected vertically by 20 suspenders. Each suspender consists of 127 smaller steel wires each with a diameter of 5.5 mm. On the left span of the bridge, two piers are designed to support the deck system, with pier 1 (P1) on the arch support and pier 2 (P2) supported by the upper chord of the arch ribs as shown in Figure 2 (a).
Finite Element Model
A 3D FE model of the Yeshan River Bridge was developed in ANSYS (2009). The arch ribs, H-type webs, lateral bracings, stiffening girder, the deck system and the piers are modelled using 3D beam elements (BEAM188) based on the actual cross-sectional properties. All suspenders are modelled as truss elements (LINK10). It should be noted that each CFST arch rib consists of the steel tube and infilled concrete. These two components are modelled separately but with sharing nodes in the model. In other words, perfect bonding between concrete and steel is assumed, and two elements are included between every two nodes, with one element for the steel tube and another for the concrete. Regarding the boundary conditions, the springing positions of the arch ribs and the bases of P1 are fixed in all degrees of freedom (DOFs). The deck system is simply supported, with the three translational DOFs at each node of the left and right ends of the girder (A1 and A2 in Figure 4 ) fixed except the longitudinal DOFs at A2 released. The vertical and transverse DOFs of the nodes on the top of the piers and the stiffening girder are coupled with the corresponding nodes on the deck system (locations C1, C2 and C3 in Figure 4 ). Figure 4 shows the 3D FE model of the bridge.
For long span structures, nonlinear analysis is essential to evaluate the stresses and deformations induced not only by static loads but also by dynamic loads. Both geometric and material nonlinearities are considered in the analysis. Since CFST arch ribs are the main load-bearing components of the bridge, to reduce computational time, material nonlinearities are only considered for steel tube and infilled concrete in the arch ribs. Other structural components such as deck, lateral bracing and stiffening girders are modelled by linear elastic material property assumption. The elasticperfect plastic model is usually suggested to consider (2002) . This model is adopted in the study. Figure 5 (a) shows the stress-strain curve of the steel tube, where σ sy is the yield stress and is assumed to be 345 MPa. The stress-strain curve adopted by , which takes into account the confinement of the infilled concrete, is used to determine the material nonlinearity of the infilled concrete. Figure 5(b) shows the stress-strain relation of the confined concrete. The yield stress and yield strain are calculated using the following equations:
where σ cB is the yield stress, ε cB is the yield strain, σ ck is the specified concrete strength and is assumed to be 30 MPa, t is the thickness of the steel tube and D is the outer diameter of the steel tube. It is widely accepted that the accuracy of a FE analysis is greatly affected by the finite element size. In the present study, the element size is generally 1 m. To carry out a convergence test, another two element sizes (0.5 m and 2 m) were also adopted. It was found that the 0.5 m and 1 m element sizes result in almost the same results, and the 1 m size can significantly reduce the computational effort. 1 m element size is therefore used in the present study. . :
Natural Vibration Characteristics
With the detailed FE model as described above, the vibration frequencies and the corresponding vibration modes of the bridge can be obtained by carrying out an eigenvalue analysis. Since dead load will influence the dynamic characteristics of bridge structures (Ren and Obata 1999) , when performing the eigenvalue analysis, the self-weight of the structure is applied first, and the computation starts from the dead load deformed configuration. Figure 6 shows the first seven vibration mode shapes and the corresponding frequencies. It is shown that the first three vibration modes are in the transverse direction with the fundamental frequency of 0.6873 Hz, Mode 4 is the first vertical mode with a frequency of 1.5931 Hz and mode 7 is the first torsional mode with a frequency of 2.7429 Hz.
SPATIALLY VARYING GROUND MOTIONS
The span length of Yeshan River Bridge reaches 138.65 m, the wave passage and coherency loss effect will inevitably result in the spatially varying ground motions. Furthermore, the asymmetric bridge is located at a canyon site as shown in Figure 1 , the elevations of different supports are different and the local soil conditions under different supports may vary as well, the ground motion spatial variations are thus further intensified by the local site effect. Traditional method for simulating the spatially varying ground motions (e.g. Hao et al. 1989 ) is based on the flat-lying site assumption and the influence of local site effect is not considered. With such an assumption, ground motions at different locations have the same intensity and frequency contents. These traditional methods thus are not suitable to simulate the spatially varying ground motions of a canyon site as shown in Figure 1 . More recently, Bi and Hao (2012) developed an approximate approach to stochastically simulate the spatially varying motions on the ground surface of a canyon site with varying site conditions. In the method, the base rock motions are assumed to consist of out-of-plane SH wave and in-plane combined P and SV waves propagating into the site with an assumed incident angle. The power spectral density function on the base rock is assumed the same, and is modelled by a filtered Tajimi-Kanai power spectral density function (Tajimi 1960) . The spatial variation of ground motions at base rock is modelled by an empirical coherency loss function. The base rock waves then propagate vertically to the ground surface and local site effect is modelled using the deterministic 1D wave propagation theory (Wolf 1985) . The PSDs of the horizontal in-plane, horizontal out-of-plane and vertical inplane motions on the ground surface can thus be formulated by considering the site transfer functions in the Figure 5 . Stress-strain curve of the arch rib: (a) steel tube; (b) concrete corresponding directions. The 3D spatially varying ground motions can then be simulated by using the approach similar to the traditional method. This approach directly relates site amplification effect with local soil conditions, and can capture the multiple vibration modes of local site, is believed more realistically simulating the multicomponent spatially varying motions on surface of a canyon site. Detailed information about the simulation technique can be found in Bi and Hao (2012) .
To model the spatial ground motions, in this study, the horizontal base rock motions are assumed to be the same and have the following form:
where ω g and ξ g are the central frequency and damping ratio of the Tajimi-Kanai power spectral density function, ω f and ξ f are the corresponding central frequency and damping ratio of the high pass filter function. These ξ ω ω g g Γ parameters can be fitted from previous recorded data on rock sites and they are assumed as ω g = 10π rad/s, ω f = 0.5π, ξ f = 0.6, in the present study. Γ is a scaling factor depending on the ground motion intensity and time duration. In the present study, the PGA of the base rock motion is assumed to be 0.5 g, and the duration is T = 20 s. Γ is found to be 0.022 m 2 /s 3 based on the standard random vibration method (Der Kiureghian 1980) . Previous recorded earthquake time histories reveal that the vertical components are usually smaller than those in the horizontal directions. Many of the seismic design codes, e.g., the American code (UBC97), assume the vertical component of the ground motion to be 1/2 to 2/3 of the horizontal component. In the present study, the vertical motion on the base rock is modelled with the same filtered Tajimi-Kanai power spectral density function (Eqn 3), but the amplitude is assumed to be 2/3 of the horizontal component. Figure 7 shows the simulated horizontal and vertical motions on the base rock. The Sobczyk model (Sobczyk 1991) is selected to describe the coherency loss between the ground motions at points j' and k' on the base rock (where j, k represent the foundations of the bridge, which are locations A1, B1, B2, B3 and A2 in Figure 2 
where β is a coefficient reflecting the level of coherency loss and β = 0.0015 is assumed in the present study, which represents an intermediately correlated ground motions. As shown in Figure 2 (a), Point B1 is close to B2 and B3 is next to A2, thus the ground motions at points B1 and B2 can be assumed the same, For the ground motions at points B3 and A2, the same assumption is also made. Thus in this study, the spatially varying ground motions at three locations, i.e., at locations A1, B1 and B3, are needed to be simulated as inputs for bridge response analysis. The distances between different locations are d A1′B2′ = 14.65 m, d B2′B3′ = 124 m and d A1′B3′ = 138.65 m respectively. v app is the apparent wave velocity on the base rock, which is related to the base rock property and incident angle α. With the given properties of local site (shown in Table 1 ) and assumed incident angle α = 45°, v app equals 1200 m/sin the present study.
As shown in Figure 1 , the bridge is located at a firm rock site. To study the influence of different soil conditions, a relatively soft soil layer is also considered. Table 1 shows the parameters for different soil conditions and base rock. It should be noted that, when an arch bridge is located at a soft soil site, pile foundations are usually designed to resist the large axial force. In this case, the interaction between the structure and the surrounding soil (SSI effect) will further alter the structural responses . Not to further complicate the problem, the SSI effect is not considered in the present study even when relatively soft soil is considered.
With the proposed approach (Bi and Hao 2012 ) and the given parameters of local site, the non-stationary horizontal in-plane, horizontal out-of-plane and vertical in-plane motions on the ground surface are simulated. In the simulation, the sampling frequency and the upper cut-off frequency are set to be 100 and 25 Hz respectively, and the time duration is assumed to be T = 20 s. It should be noted that during the simulation, the stationary processes are first generated, and the non-stationary motions are obtained by applying an envelope function to modulate the amplitudes of the stationary processes. Figure 8 shows the simulated 3D spatially varying acceleration time histories at different supports of Case 7 (Table 2 ), and Figure 9 shows the corresponding displacement time histories. Figure 10 shows the comparisons of the simulated PSDs with the theoretical values of the horizontal in-plane motions, good agreements are observed. For conciseness, the comparisons of horizontal out-of-plane and vertical in-plane motions are not plotted, good agreements are also observed. It is obvious that the PSDs of ground surface motions are different from that on the base rock (Figure 7 ), ground surface PSDs may consist of multiple distinctive peaks. This is because seismic wave will be amplified and filtered when propagating through a layered soil site and the amplifications can occur at various vibration modes of the site. These different local amplification effects in turn result in different ground displacement as shown in Figure 9 . It is obvious that softer soil leads to larger displacements at the corresponding foundation. The comparisons of model and simulated coherency loss function between different motions on the base rock are shown in Figure 11 . Good agreement can be observed except for γ A1′B3′  and γ B1′B3′  in the high frequency range. This is, however, expected because as the distance increases, the cross correlation between the spatial motions or their coherency values decrease rapidly with the frequency. Previous studies (e.g. Hao et al. 1989) revealed that the coherency value of about 0.3-0.4 is the threshold of cross correlation between two time histories because numerical calculations of coherency function between any two white noise series result in a value of about 0.3-0.4. Therefore, the calculated coherency loss between two simulated time histories remains at about 0.4 even the model coherency function decreases below this threshold value. For the coherency loss function between the motions on the ground surface, demonstrated that it is different from that on the base rock. The spatial ground motions on ground surface are related to the spectral ratios of two local site transfer functions, and they are least correlated when the ratios are far from unity. More detailed discussions on the influences of local site conditions on ground motion spatial variations can be found in . The simulated horizontal in-plane, vertical in-plane and horizontal out-of-plane motions are applied as inputs at different foundations of the bridge in the longitudinal, vertical and transverse directions respectively in bridge response analysis. 
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EQUATIONS OF MOTION
To analyse the seismic response of long span structures to spatially varying ground motions, two simple analytical methods are usually adopted. These are the relative motion method (RMM), which divides the structural response into a dynamic response component and a quasi-static response component, and the large mass method (LMM), which attributes fictitious large masses at each driven nodal DOFs to obtain the total response of the structure (Leger et al. 1990) . RMM was well documented in many textbooks (e.g., Dynamics of Structures by Clough and Penzien 1975) , interested readers can refer to these textbooks. It should be noted that for a long span structure the RMM might be very time consuming, since it requires an additional static solution at each time step used for the integration of the dynamic equilibrium equations. In addition, it requires the integration of the input ground acceleration to provide the ground displacement required for the static solution procedure. Moreover, the RMM cannot be directly extended to study the nonlinear response of multisupport structures since the superposition is used. To overcome the limitations of RMM, the LMM is usually adopted to nonlinear seismic analysis of large dimensional structures to spatially varying ground motions. The LMM was proposed by Leger et al. (1990) . In order to specify the accelerations at the support DOFs, fictitious large masses (M ll ) are added at the driven support DOFs. To reproduce the specified acceleration, the inertia forces developed at the supports should also be considered as external driving forces. In this case, the dynamic equilibrium equation can be written as (Leger et al. 1990) 
Since M u is much larger than other terms in Eqn 6, the contribution of them thus can be neglected, which results in (7) For the structural responses (8) By setting the large mass M u equals to about 10 7 times the total mass of the bridge, it was proved that LMM is able to yield results that are almost identical to those of RMM (Leger et al. 1990) .
The LMM can be conveniently implemented in ANSYS. The large masses are applied at the supporting nodes of the bridge (locations A1, A2, B1, B2 and B3 in Figure 2 ) by using the MASS21 element in ANSYS and the value is 10 7 times the total mass of the bridge as suggested by Leger et al. (1990) . The seismic excitations are applied as external forces at different driven supporting nodes, and the values equal to the large masses multiplying the corresponding accelerations at different supports.
NUMERICAL RESULTS
The nonlinear seismic response of Yeshan River Bridge is investigated in detail in this section. All the calculations are carried out by using the finite element code ANSYS. Rayleigh damping is assumed in the model to simulate energy dissipation during structural vibrations. The first two vibration modes are chosen to determine the mass and stiffness coefficients. By assuming the structural damping ratio of 5%, for these two modes with the vibration frequencies of 0.6873 and 0.9778 Hz as shown in Figure 6 , the mass matrix Table 2 are considered. In the last column of the table, 'FFF' and 'SSS' represent the soil conditions for the three sites are homogeneous with firm and soft soil conditions respectively, 'SSF' denotes that the soil conditions under A1 and B1/B2 are soft soil while that under B3/A2 is firm soil. To obtain relatively unbiased seismic responses of the structure, independent numerical calculations are performed by using three sets of independently simulated spatial ground motions as inputs. The mean peak responses, which are mostly concerned in engineering practice, are calculated and discussed. As pointed out by Ren and Obata (1999) , seismic analysis should start from the deformed equilibrium configuration due to dead load, a static analysis is performed first and the results are applied as initial conditions in the second step dynamic seismic analysis in the present study.
For readers' easy reference, the procedure of a nonlinear seismic analysis of a CFST arch bridge are briefly summarized as follows: (1) Finite element modelling of the structure, which includes the proper modelling of geometric and material nonlinearities of the key structural components; (2) Perform modal analysis and calculate the mass and stiffness coefficients of Rayleigh damping; (3) Stochastically simulate the multi-component spatially varying ground motions at different supports of the structure; (4) Perform static analysis and obtain the initial equilibrium position of the structure; (5) Carry out nonlinear dynamic analysis. The following sections show the numerical results based on this procedure.
Effect of Multi-Component Earthquake
Excitations To study the influence of multi-component earthquake excitations on the seismic responses of Yeshan River Bridge, responses of the bridge subjected to longitudinal excitation only (Case 1), combined longitudinal and vertical excitations (Case 2) and simultaneous longitudinal, vertical and transverse excitations (Case 3) are calculated. To preclude the influence of ground motion spatial variations, the uniform excitation is assumed, with the inputs at locations B1/B2 and B3/A2 identical to those at location A1. Figures 12, 13 and 14 show the maximum axial forces N, in-plane bending moments Mz and out-of-plane bending moments My in the upper and lower chords of the arch ribs, respectively. Since three independent calculations are performed for each case, the results shown in these figures are the averaged responses.
As shown in Figure 12 , when only the longitudinal excitation is considered (bold blue line), the minimum axial force appears near the middle span of the arc. This is because uniform longitudinal ground motions excite only the symmetric vibration modes of the structure (in the present study the symmetric vibration mode means the vibration mode is symmetric about the middle span since Yeshan River Bridge is asymmetric that the vault position is different from the middle span location), which results in small dynamic axial forces in the lower and upper chord members at the middle span. When the dead load of the bridge is not considered, the axial force at the middle span should be zero based on the theoretical derivations (Hao 1993) . The values of axial forces at middle span in the
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Advances in Structural Engineering Vol. 16 No. 10 2013 present study, however, are not zero owing to the fact that the dynamic analysis is based on the deformed configuration of the bridge as mentioned above, and the non-zero axial forces at the middle span are caused by the dead load of the bridge. It should be noted that the axial force at the vault of Yeshan River Bridge (70.375 m from the left arch springing) is not small as shown in Figure 12 due to the asymmetric geometry of the bridge. This result indicates that when uniform longitudinal excitation is considered, the minimum axial force appears at the middle span of the arc but not necessarily at the vault position. This is an obvious difference between a symmetric arch bridge, in which the vault position and the middle span coincide with each other. Special attentions should be paid when an asymmetric arch bridge is designed since the smallest thickness of the steel tube is usually selected around the vault position. This selection may lead to an unsafe design of the bridge. As also can be seen from Figure 12 , the axial forces in the arch ribs are mainly caused by the longitudinal excitation, the contribution of vertical excitation is relatively small as the axial forces result from the combined longitudinal and vertical excitations (Case 2) are almost identical to the longitudinal excitation (Case 1). This is actually as expected, since the first three vibration modes of the bridge are in the transverse direction and the first vertical mode appears as the fourth mode as shown in Figure 6 , which means more energy is required to excite the vertical modes. Moreover, the amplitudes of the vertical motions are smaller than those in the horizontal directions as shown in Figures 7 and 8 . It should be noted that these observations do not coincide with those obtained by Hao (1995) , in which it was found that the influence of vertical ground motions cannot be neglected. This is because in the theoretical solutions (Hao 1995) , only a simple circular arc was considered, and the first five vibration modes of the simple arc are in the vertical direction, the contribution of vertical motions is thus evident. This observation indicates that it is not easy to obtain a general conclusion on the influence of multi-component ground motions, the seismic responses of the structure strongly depend on the dynamic characteristics of the structure itself and the input excitation. When 3D excitations (Case 3) are considered, relatively larger axial forces are generated, especially on the right support, indicating the contribution of transverse excitations to the arch bridge responses.
Seismic Response of a Concrete Filled Steel Tubular Arch Bridge to Spatially Varying Ground Motions Including Local Site Effect
Figures 13 and 14 show the influence of multicomponent ground motions on the in-plane bending moment Mz and out-of-plane bending moment My. As shown in Figure 13 , the maximum in-plane bending moment Mz usually appears at the springing positions of the arch ribs. This result is consistent with those reported by Wu et al. (2006) . As for Mz in the upper chord, another obvious peak can be obtained at the location of pier 2 (P2). This is because P2 is directly supported by the upper chord as shown in Figure 2 , the weight of the deck system and the self-weight of the pier result in a large concentrated force at the P2 position, which in turn leads to a large inplane bending moment Mz. suspenders exist owing to the concentrated forces provided by the suspenders. It also can be seen from Figure 13 that Mz is mainly caused by the longitudinal excitations and the influence of transverse and vertical motions can be neglected. As for the out-of-plane bending motion My as shown in Figure 14 , it is obvious that My is caused by the transverse motions. Similar to the in-plane bending moment Mz, the maximum values appear at the springing positions. Relatively larger My can also be obtained at the positions where lateral bracing systems and horizontal stiffening girder exist owing to the concentrated forces provided by them.
Effect of Ground Motion Spatial Variations
To study the influence of ground motion spatial variations on Yeshan River Bridge, the bridge model subjected to the simulated ground motions of Cases 3 to 5 are considered. Particularly, Case 3 corresponds to uniform ground motions, Case 4 considers spatial ground motions with wave passage effect only, and Case 5 is a general case which considers spatial ground motions with both wave passage effect and coherency loss effect. Therefore, the significance of ground motion spatial variations increases from Case 3 to Case 5. In the study, homogeneous sites with firm soil conditions are assumed and 3D excitations are considered. Figure 15 shows the axial forces in the arch ribs when the bridge is subjected to different spatially varying ground motions. As shown, uniform ground motion will significantly underestimate the axial forces in the arch ribs, since uniform ground motion excites only the symmetric modes as mentioned above. When spatially varying ground motions are considered, the asymmetric vibration modes will be excited, and the contribution of asymmetric vibration modes are especially significant at the middle span of the bridge. Considering spatial ground motion wave passage effect (Case 4) leads to a better prediction of the axial forces in the arch ribs for Yeshan River Bridge since the results are usually slightly smaller than those obtained by the general case (Case 5) as shown in Figure 15 . However, it should be noted that only intermediately correlated ground motions are considered in the present study. The coherency loss effect might be significant if the coherency loss value is relatively low. Figures 16 and 17 show the influence of ground motion spatial variations on the in-plane bending moments Mz and out-of-plane bending moments My. Different from axial forces, the influence of ground motion spatial variation is insignificant for the bending moments, and uniform excitations can give a good prediction of the bending moments.
Effect of Local Soil Conditions
Local soil conditions may have important influence on the seismic responses of structures because of the site filtering and amplification effect on the ground motions as mentioned above. To study the influence of local site effect, three different cases are considered. Cases 5 and 6 assume that the soil conditions under different supports are the same with Case 5 considering firm soil and Case 6 for soft soil. In Case 7, the soil conditions of the canyon are different, with supports A1 and B1/B2 located at a soft site and B3/A2 at a firm site. For all the three cases, 3D spatially varying ground motions are considered and for each case the same coherency loss is assumed, the only difference between them is the site conditions. Figure 18 shows the influence of local soil conditions on the axial forces N. As shown, site conditions substantially affect the axial forces of the arch ribs. When the bridge is located at a homogeneous site (Cases 5 and 6), softer soil conditions result in larger axial forces. This is because softer soil leads to larger ground displacement at different supports of the bridge as shown in Figure 8 , which in turn gives rise to larger structural responses. It is interesting to find that when the bridge is located at a heterogeneous site (Case 7), the axial forces are the largest among the three cases. In the present study, Case 7 corresponds to a heterogeneous soil site, the ground displacements are between those of firm soil and soft soil. However, Case 7 ground motions induce the largest axial forces, indicating the significant effect of ground motion spatial variations. This might be because when heterogeneous soil conditions Kaiming Bi, Hong Hao and Wei-Xin Ren are considered, different soil conditions will filter and amplify the base rock motions at different frequency contents and to different extent, which results in substantially different ground motions at different supports of the bridge. These different ground motions in turn lead large axial forces in the bridge. This observation is consistent with those reported by Bai et al. (2011) , in which they studied the influence of heterogeneous site effect on the seismic response of a transmission tower-line system and concluded that heterogeneous site conditions result in the largest cable axial forces compared with those obtained by the homogeneous site conditions. Based on the numerical results, it is evident that neglecting the varying soil conditions on ground motion spatial variations may substantially underestimate the axial forces in the arch ribs. Figure 19 shows the influence of local soil condition on the in-plane bending moments Mz in the upper and lower chords. As shown, three soil conditions result in Figure 20 shows the out-of-plane bending moments My. Different from axial forces in Figure 18 , My from the Case 6 ground motions are the largest and those from Case 5 are the smallest. This is because softer soil conditions result in larger displacements at the bridge supports as shown in Figure 8 . This observation indicates that out-of-plane bending moments My strongly depend on the ground motion displacement amplitude. On the other hand, Case 7 results in almost the same out-of-plane bending moments My as those in Case 5 though heterogeneous soil conditions are assumed in Case 7, indicating ground motion spatial variation has a relatively less effect on My.
CONCLUSIONS
This paper studies the seismic response of a CFST arch bridge located at a canyon site to multi-component spatially varying ground motions. The effects of multicomponent earthquake excitations, ground motion spatial variations and local site effect on the responses of the CFST arch bridge are investigated. Following conclusions are obtained based on the numerical results:
(1) The axial forces of the arch ribs are mainly governed by the longitudinal excitation. The transverse component of ground motion also contributes, but at a less extent to the axial force. The in-plane bending moments is generated primary by the longitudinal excitation. The contributions from the transverse and vertical ground motions to the in-plane bending moment are insignificant. Similarly, the out-of-plane bending moments are governed by the transverse excitation, and the longitudinal and vertical ground motions can be neglected. (2) The ground motion spatial variations strongly influence the axial forces of the arch ribs. Neglecting the spatially varying ground motions may significantly underestimate the axial forces. Considering wave passage effect can give a better prediction of the axial forces in the arch ribs compared with the uniform excitation though it still underestimates the axial forces. The bending moment responses of the arch bridge considered in this study are, however, not sensitive to the ground motion spatial variations. (3) Local site conditions significantly influence the structural responses. Heterogeneous site conditions result in the largest axial forces in the arch ribs. It should be noted that the structural responses are determined by the structure itself and the characteristics of earthquake excitations. It is difficult to give a general conclusion from the research of a single CFST arch bridge model. However, results from this study demonstrate the importance of considering ground motion spatial variation and local site effect on the seismic responses of a CFST arch bridge. 
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